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Coastal systems are increasingly impacted by over-enrichment of nutrients, which has
cascading effects for ecosystem functioning. Oyster restoration and aquaculture are
both hypothesized to mitigate excessive nitrogen (N) loads via benthic denitrification.
The degree to which these management activities perform similar functions for removing
N, however, has not been extensively examined in New England, a place where nutrient
runoff is high and increasing oyster (Crassostrea virginica) restoration and aquaculture
activity is taking place. Here, we use a novel in situ methodology to directly measure
net N2 and O2 fluxes across the sediment-water interface in a shallow (∼1 m) coastal
pond in southern Rhode Island. We collected data seasonally during 2013 and 2014
at restored oyster reefs, oyster aquaculture, oyster cultch (shell), and bare sediment.
Restored oyster reefs and aquaculture had the highest mean (±SE) denitrification rates,
581.9 (±164.2) and 346 (±168.6) µmol N2−N m
−2 h−1, respectively, and are among
the highest recorded for oyster-dominated environments. Denitrification rates at sites with
oyster cultch were 60.9 (±44.3) µmol N2−Nm
−2 h−1, which is substantially less than the
sites with active oysters but still more than 50% higher than denitrification rates measured
in bare sediment (24.4 ± 10.1 µmol N2–N m
−2 h−1). The increase in denitrification
rates at treatments, however, varied by season and the greatest rates for restored reefs
were in the fall. Overall, the greatest aggregate denitrification rates occurred in the fall.
Sediment oxygen demand (SOD) followed similar patterns but with greater overall rates
in the summer, and displayed a strong linear relationship with denitrification (R2 = 0.93).
Our results demonstrate that habitats associated with live oysters have higher net
denitrification rates and that oyster reef restoration and oyster aquaculture may provide
similar benefits to the ecosystem in terms of N removal. However, gas fluxes may also
be affected where three-dimensional structure is introduced via oyster shell cultch and
this appears to be seasonally-dependent. These data will be important for managers
as they incorporate oysters into nutrient reduction strategies and consider system-level
trade-offs in services provided by oyster reef restoration and aquaculture activities.
Keywords: water quality, nitrogen cycle, habitat restoration, shellfish, sediment flux, ecosystem function,
management trade-offs, TMDL
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INTRODUCTION
Excessive nutrient input from anthropogenic activities has
altered the balance between inputs and exports resulting in
a variety of well-known negative consequences for many
organisms as well as overall ecosystem function (Valiela et al.,
1992; Smith, 2003). Nitrogen (N) is of particular concern
for estuaries because it often limits primary production and
regulates the base of food webs (Howarth, 1988). Excessive N
loading stimulates algal growth, which may lead to harmful
algal blooms (Paerl, 1997), shifts in community assemblages
(Hauxwell et al., 2001), reduced oxygen levels (i.e., hypoxia;
Rabalais et al., 2002; Diaz and Rosenberg, 2008), and broad-scale
eutrophication (Nixon, 1995). Suspension filter feeders such as
oysters, however, may serve as N sinks for non-point sources
(Kellogg et al., 2013). Managers are therefore beginning to look
at oyster reef restoration and aquaculture as potential mitigation
tools to resist and perhaps even reverse eutrophication in coastal
environments. However, little is known about the capacity or
comparative efficacy of restored oyster reefs or oyster aquaculture
to mitigate the impacts of eutrophication.
Oysters were once a plentiful resource and a ubiquitous
feature along estuarine landscapes, but are now functionally
extinct from many areas due, at least in part, to fishing
pressure (Kirby, 2004) and disease (Powell et al., 2012). In fact,
present estimates of decline place oysters as one of the most
imperiled nearshore habitats, with only 15% of historic reefs
remaining worldwide (Beck et al., 2011) and <1% remaining
in Rhode Island (zu Ermgassen et al., 2012). This is of concern
not only because oysters support a socially and economically
valuable fishery, but also because oysters provide numerous
non-extractive services to the surrounding environment (Coen
et al., 2007). These services may include providing habitat
for associated organisms and fisheries (Peterson et al., 2003;
Humphries and La Peyre, 2015), erosion mitigation via sediment
accretion and wave attenuation (Meyer et al., 1997; La Peyre
et al., 2015), and water quality enhancement (Nelson et al.,
2004; Newell, 2004). Local environmental conditions affect oyster
populations and the delivery of ecosystem services regardless
of whether oysters are being restored or raised in aquaculture
farms. As such, there is a need to better understand the
potential parallels in functioning between restored oyster habitat
and aquaculture as coastal managers deal with interacting
environmental stressors and the trade-offs between harvest or
restoration, aquaculture, and the delivery of non-extractive
ecosystem services.
In New England, many coastal systems are highly impacted
by N, and thus the delivery of N that comes from atmospheric
deposition, river discharges, sewage outfalls, or groundwater flow
all contribute to eutrophication (Ryther and Dunstan, 1971;
Correll et al., 1992; Valiela et al., 1997). Nitrogen may remain
in the system contained in phytoplankton and other particulate
organic matter, or it can be removed via physical transport or
burial (through bioassimilation into primary consumer tissue
and/or shell), as well as microbial-mediated denitrification
(denitrification; Kellogg et al., 2014). Denitrification is an
anaerobic process that converts bioavailable N to dinitrogen (N2)
gas (Vitousek et al., 1997; Seitzinger et al., 2006). The amount of
N that remains or is removed depends on complex interactions
between biological, physical, and geochemical processes and may
be difficult to tease apart (Cornwell et al., 1999; Fulweiler et al.,
2008).
Estuaries and coastal marine environments are heterogeneous
and dynamic, posing challenges to efforts at reducing the
variance in quantifying and modeling N cycling (Seitzinger,
2008). While recent studies have shown that natural and
restored oyster reefs can increase sediment denitrification rates
(e.g., Piehler and Smyth, 2011; Kellogg et al., 2013; Smyth
et al., 2013, 2015), variance among studies is high and the
influence of aquaculture has been difficult to determine (Holyoke,
2008; Dumbauld et al., 2009; Higgins et al., 2011, 2013).
Many studies attribute the variability in denitrification rates
to interactions between numerous stochastic environmental
parameters including dissolved oxygen, chlorophyll a, salinity,
turbidity, temperature, and bivalve density (Carmichael et al.,
2012; Smyth et al., 2013). Thus, there is a need to develop a better
understanding of the relative influence that these factors have on
denitrification rates and other gas fluxes such as oxygen (O2), or
sediment oxygen demand (SOD).
Development of techniques to measure N cycling under
field conditions has intensified during the last few decades.
Recent studies have quantified the effects of oyster communities
on N cycling using methods comparing sediment with oyster
biodeposits vs. reference sediment (e.g., Piehler and Smyth, 2011;
Smyth et al., 2013, 2015). These laboratory methods use sediment
cores and thus exclude oysters and other associated organisms,
which are known to provide physical structure that influence
denitrification and SOD (Nizzoli et al., 2007). Kellogg et al. (2013)
used a different method with oysters inside incubation chambers
and combined an in situ equilibrium with ex situ incubation
and measurement. Despite these advances in quantifying gas
fluxes and attempts at replicating field conditions, it may be
instructive to use sampling techniques that occur exclusively
in situ to reduce variability and more closely mimic natural
conditions. In situmeasurement of gas flux would help to expand
current knowledge of denitrification and SOD in estuarine
ecosystems, isolate factors in oyster-dominated habitats that can
maximize denitrification, and aid in the development of N-
efficient management practices.
Oyster aquaculture and oyster reef restoration are currently
increasing across much of the northern Atlantic coast of the
United States due to their market value and/or for the non-
extractive services they provide. The placement of cultch (shell) is
a common first step in the larger process of oyster reef restoration
that is meant to encourage oyster recruitment. While oyster
restoration and aquaculture activities may have different goals
depending on the setting, their relative impacts on nitrogen
cycling may be variable (e.g., Holyoke, 2008; Kellogg et al.,
2013). Here, we test this hypothesis and focus on quantifying
changes in nutrient dynamics that oyster cultch, established
reef restoration, oyster aquaculture, and bare sediment provide
in terms of denitrification as well as SOD. In the process, we
developed a novel in situ field methodology for measuring gas
fluxes to better mimic field conditions and reduce variability. We
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hypothesized that oyster reef restoration and oyster aquaculture
would enhance denitrification rates and oyster cultch would not
have an impact due to biological activity that only live oysters
provide (e.g., filtration, biodeposition). To examine this, we track
denitrification and SOD in three different habitats through time
and assessed seasonal changes over a 2-year period.
MATERIALS AND METHODS
Study Area
We quantified rates of sediment denitrification and SOD across
four different habitats in Ninigret Pond, RI (USA): bare sediment,
oyster cultch, oyster aquaculture, and restored oyster reefs
(Figure 1). Ninigret Pond is a back-barrier lagoon along the
southern shore of Rhode Island. It has a residence time of
10±3 days (Moran et al., 2014) and diurnal tides of ∼0.5m.
Mean annual inputs of dissolved inorganic N are ∼1.85 × 109
mmol yr−1 with the largest inputs from groundwater and the
atmosphere (Moran et al., 2014). Intertidal and subtidal habitats
include fringing salt marsh, eelgrass, and some existing natural
oyster reef.
In this study, oyster plots consisted of previously restored
reefs, where each reef was constructed by placing unaggregated
shell in 5 × 5m patches, then seeded with juvenile oysters in
2010. Oyster density at the restored reefs at the beginning of
our sampling in 2013 was ∼54 individuals m−2, with a mean
FIGURE 1 | Study area map with treatment locations.
shell height (SH) of 55mm. Oyster cultch plots were created
in 2012 by placing unaggregated shell in 5 × 5m patches 7
months before sampling and were separated from the restored
oyster reefs by ∼150m. Oyster aquaculture plots used in this
study were underneath suspended mesh bags where oysters were
being actively grown and harvested. The aquaculture plots were
∼2 km away from the restored reef and cultch plots, which was
the closest oyster farm.Mean density of oysters in the aquaculture
plots was 700 ind m−2 and size varied depending on the time of
year. We sampled bare sediment plots at each of the three sites
and ∼35m away from any structured habitat. Water depth at all
sites was between 0.4 and 1.2m depending on the tide.
In situ Environmental Chambers
One of the primary goals of this research was to develop an in situ
environmental chamber that would establish a methodology for
others to measure SOD and denitrification rates. Our chamber
design is modified from that described by Kellogg et al. (2013).
The three primary components are machined from 40.6 cm (16′′)
inner diameter plexi-glass and PVC cylinders: a sampling base
(area = 0.126m−2), a mid-section wrapped with dark bubble-
wrap insulation, and a lid with an impeller arm powered by
a drill for stirring (Figure 2). The stir rate was ∼70 rotations
per minute. At the beginning of each sampling year, bases were
deployed and filled with material from the site and allowed to
equilibrate for ∼6 weeks before sampling. At the oyster reef
restoration site, sediment, oyster shell, and oysters were used as
fill in the bases. At the oyster cultch site, sediment and oyster
shell were used as fill in the bases. At the oyster aquaculture site,
surrounding sediment was used as the fill and bases were directly
underneath oysters in suspended bags. Bare sediment treatments
consisted of sediment only and care was taken to choose areas
representative of the pond. Bases were flush with the sediment
surface and were not moved during the sampling year, allowing
us to return to the exact same location for repeat measurements.
For each incubation, we attached the mid-section to the base
with 24 evenly spread bolts and wing nuts and a rubber gasket.
We wiped and inspected the mid-section for air bubbles, then
secured the lid and impeller arm to the mid-section, again
using 24 evenly spread bolts and wing nuts and a rubber gasket
(Figure 2). Importantly, we did this while snorkeling, allowing
us to visually examine the chamber for air bubbles and remove
them if necessary. Once the chamber was secure and bubble-free,
we placed an opaque black plastic cover on top of the lid to block
any light. We placed an Onset Hobo Pendant Temperature/Light
64K data logger inside each chamber (prior to construction). The
logger was anchored to the sediment to record light penetration
and water temperature throughout the incubation. Each stirring
lid was fitted with an inflow and outflow tube with stop valves,
such that the inflow tube was connected to a carboy suspended
∼1.2m above the water and filled with unfiltered site water.
Sample Collection
We first deployed the in situ sampling bases in the spring of
2013. Two replicate experimental plots were identified at each site
(cultch, aquaculture, oyster reef restoration), separated by∼20m,
and 2 bases were deployed in each plot which were separated by
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FIGURE 2 | Diagram of incubation chamber used to measure nutrient
fluxes in situ. See text for full description of setup in the field.
∼10m from one another. We also identified and sampled bare
sediment near each site (∼40m away) and 2 bases were deployed
here as well, also separated by∼10m from one another. Sampling
occurred quarterly (spring=May; summer= July/August; fall=
October) throughout 2013. In spring 2014, the bases at the oyster
cultch were discontinued to concentrate increased efforts in the
restored oyster and aquaculture sites. Therefore, in 2014, there
were two experimental plots at the oyster reef restoration and
aquaculture sites, each with 3 bases (as opposed to 2 bases per
plot in 2013), as well bare sediment. Similar to 2013, sampling
occurred quarterly (spring = May, summer = August, fall =
October) throughout 2014.
At the onset of the experiment in 2013, we determined
sediment grain size at each site using a Malvern Hydro
2000S/Mastersizer 2000 System. During each quarterly sampling
event at each site, we measured sediment chlorophyll a and
C:N ratios in duplicate. Sediment chlorophyll a samples were
analyzed on a Turner Model AU-10 Digital Fluorometer with
Optical Kit P/N 10-040R and the C:N samples were processed
on a ThermoFinnigan Flash EA 112 as described in Katz
et al. (2013). During gas flux measurements, we collected
surface water measurements using a Hach probe (HQD portable
meter with 4-pole conductivity probe and luminescent dissolved
oxygen probe), which included temperature, salinity, dissolved
oxygen (DO), and percentage oxygen (O2) saturation. All water
column and sediment characteristics were analyzed at the US
Environmental ProtectionAgency laboratory inNarragansett, RI.
Gas Fluxes
During incubations, we sampled dissolved gases five times from
each chamber, balancing the need for at least a 2mg L−1 change
in DO but taking care not to allow the sample to go hypoxic
(DO < 2mg L−1). Timing of sampling events was based on
DO changes and total incubation periods varied seasonally and
by site (bare sediment and cultch: 3–6 h; oyster aquaculture:
1–3 h; restored oyster reef: 1–3 h). To reduce the possibility of
bubble formation, which is well-known to impact the N2/Ar
technique described below (Kana et al., 1994; Eyre et al., 2002), we
performed all incubations in the early morning when the water
was below saturation for DO and the chambers were dark.
During each sampling event, water samples were collected
for analyses of dissolved gases O2, N2, and Ar into Labco
Exetainer vials.Water samples were preserved with 10µl of super
saturated zinc chloride solution, sealed, submerged in water
and stored at temperatures below incubation temperatures until
analysis. Dissolved gas samples were analyzed using the N2/Ar
technique (Kana et al., 1994) and a quadruple membrane-inlet
mass spectrometer (MIMS) at Boston University in Boston, MA.
The N2/Ar technique gives a net measurement of N2 fluxes (i.e.,
gross nitrogen fixation–gross denitrification). All positive fluxes
are indicative of net denitrification, while a negative flux would
indicate net nitrogen fixation.
Gas Flux Analysis
SOD and net N2 fluxes across the sediment-water interface
were determined using linear regressions fitted to plots of
concentration vs. time. Fluxes were calculated when the
regression line had an R2 ≥ 0.65 (Prairie, 1996) and were
statistically significant (p < 0.10). Fluxes were then prorated for
the volume of water in the chamber and the chamber area. We
calculated mean denitrification and SOD for each incubation and
used this value for future calculations.
Statistical Analyses
We tested for a treatment effect on sediment grain size,
chlorophyll a, and molar C:N ratios using linear models with
Tukey post-hoc tests. We tested the effects of treatment and
season, as well as their interaction, on rates of denitrification and
SOD using linear mixed-effects models (LME). In these models,
we treated the location of the bare sediment plots as a random
nested effect to account for any potential location-specific
differences (Hurlbert, 1984). Additionally, we used the mean
from the multiple chambers in each plot as the lowest aggregate
value for analyses to avoid pseudoreplication (Hurlbert, 1984).
To test significant comparisons of interest, we used main effects
models with Tukey post-hoc tests. When testing for the effects of
each treatment by season, we used an auto-regressive correlation
structure to account for the temporal correlation in the data
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(Zuur et al., 2009). Data were tested for normality using Shapiro–
Wilks test and quantile–quantile plots. Finally, we used linear
regression to assess the relationship between denitrification and
SOD, pooling the data by season for each treatment. All statistical
analyses were done in R, version 3.1.3 (R Core Development
Team, 2015). All rates are reported as mean µmol N2–N m
−2
h−1 plus or minus one standard error.
RESULTS
We captured a range of temperatures during the experiment:
from 14 to 22◦C in the spring, 20 to 24◦C in the summer and
8 to 17◦C in the fall. Salinity ranged between 18 and 32h, with
generally lower levels during the spring (mean spring: 23h vs.
mean summer: 30h).
Sediment grain size varied across some treatments, but
no treatment had <98% sand (Table 1). Silt was greatest in
aquaculture and significantly greater than bare sediment (p <
0.01) and reef (p = 0.03), but not cultch (p = 0.12). Clay did
not vary among treatment (p = 0.464). Sand was greater in
bare sediment (p < 0.01) and reef (p = 0.03) than aquaculture.
Sediment molar C:N ratios varied among treatment (Residual
df = 280; F = 9.57, p < 0.001) and were between 11 and 13.
Sediment chlorophyll a was varied significantly (Residual df =
201; F = 11.10, p < 0.001) and ranged from 2.5µg/g at the
bare sediment treatment to a high of 7.1µg/g at the aquaculture
treatment. Overall, oyster aquaculture sediment chlorophyll a
was significantly greater than any other treatment. Water column
DO at the start of the incubations ranged from 4.7 to 11.3mg L−1
(55.7%−96.4%).
Denitrification varied by season and treatment, but there was
an interaction precluding conclusions about the main effects
(Table 2; Figure 3). Denitrification rates at the bare sediment
(F = 0.719, p = 0.501), cultch (F = 0.024, p = 0.886), and
aquaculture (F = 3.528, p = 0.057) treatments showed no
statistically significant differences among season. For restored
reefs (F = 4.429, p= 0.028), however, fall was greater than spring
(t = 2.948, p = 0.0233) but not summer (t = 1.773, p = 0.208).
Denitrification rates during the spring (F = 1.267, p= 0.310) and
summer (F = 3.183, p = 0.055) seasons were not significantly
different among treatment. During the fall (F-value 4.602, p =
0.026), restored reef was greater than bare sediment (t = 2.873,
p = 0.028), but no other treatments were significantly different
from one another.
Overall, denitrification was highest in fall [517.8 (±183) µmol
N2–Nm
−2 h−1], followed by summer [386.2 (±143.8)µmol N2–
N m−2 h−1] and then spring [47.2 (±25.6) µmol N2–N m
−2
h−1]. Denitrification rates across treatments revealed the highest
rates at the restored oyster reef [581.9 (±164.2) µmol N2–Nm
−2
h−1] followed by aquaculture [346.1 (±168.6) µmol N2–N m
−2
h−1], then cultch [60.9 (±44.3) µmol N2–N m
−2 h−1], and bare
sediment [24.4 (±10.1) µmol N2–N m
−2 h−1; Figure 4].
We also measured rates of N2 uptake or N-fixation. The
maximum rate of N-fixation (−325.5µmol N2–N m
−2 h−1)
was observed at the aquaculture site in the spring of 2014
and two lesser rates of N-fixation were also observed at the
control sites in the summer of 2013 (−47.6µmol N2–N m
−2
h−1) and the spring of 2014 (−73.2µmol N2–N m
−2 h−1). On
several other occasions we measured significant rates of net N-
fixation, however, in most of these cases the water column N2
concentrations were well-above what would be predicted based
on ambient temperature and salinity. In these instances we did
not report the rate of N-fixation because we were concerned
that the N-fixation might be an artifact of the supersaturated N2
concentrations. This occurred most often in the summer of 2013
and most especially for the oyster aquaculture, restored reef, and
cultch sites. In total, we did not include 22 fluxes (out of a total
of 101).
Similar to denitrification, season, and treatment, as well as
their interaction, influenced SOD, precluding conclusions on
main effects (Table 2; Figure 3). SOD rates at the bare sediment
TABLE 2 | Results from LMEs of denitrification and sediment oxygen
demand (SOD), respectively.
df F-values p-values
DENITRIFICATION
Treatment 3 4.970 0.005
Season 2 4.788 0.013
Treatment × Season 5 3.226 0.014
Residuals 53
SOD
Treatment 3 11.231 <0.001
Season 2 11.991 <0.001
Treatment×Season 6 7.142 <0.001
Residuals 86
Bold p-values indicate a significant factor effect (α = 0.05).
TABLE 1 | Site characteristics including mean (±SE) grain size, sediment chlorophyll α, and sediment molar C:N ratio.
Treatment Grain Size Sediment chlorophyll α, µg/g Sediment C:N, molar mass
% Clay % Silt % Sand
Bare sediment 0a 0.09 ± 0.04a 99.9 ± 0.04b 2.5 ± 0.10a 11.9 ± 0.84a
Cultch 0a 0.32 ± 0.28ab 99.7 ± 0.28ab 3.5 ± 0.24ab 12.3 ± 0.87ab
Aquaculture 0.01 ± 0.01a 1.95 ± 0.47b 98.0 ± 0.47a 7.1 ± 1.05c 11.7 ± 0.82a
Reef 0a 0.28 ± 0.17a 99.7 ± 0.17b 4.8 ± 0.47b 12.8 ± 0.68b
Grain size and sediment chlorophyll α is from 2013 and the C:N ratios are from 2013 and 2014. Letters indicate homogenous subgroups (α = 0.05).
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FIGURE 3 | Boxplots of seasonal denitrification and sediment oxygen
demand rates.
(F = 4.663, p = 0.018), aquaculture (F = 10.013, p < 0.001),
and restored reef (F = 3.786, p = 0.036) treatments showed
statistically significant differences among season. Bare sediment
SOD was greater in the summer than fall (t = −2.957, p =
0.016), but no other seasons were significantly different from one
another. Spring (t = 4.165, p < 0.001) and fall (t = −3.406, p =
0.006) had significantly lower SOD rates for aquaculture than
summer. Restored reef SOD had greater rates in the summer than
fall (t = −2.742, p = 0.028), but no other statistically significant
differences existed. Cultch SOD rates did not significantly vary
by season (F = 0.497, p = 0.631). SOD rates during the
spring (F = 2.905, p = 0.059) were not significantly different
among treatment, however, treatment varied significantly during
summer (F = 10.483, p < 0.001) and fall (F = 3.783, p = 0.029).
In the summer, SOD at aquaculture was greater than cultch (t =
3.393, p = 0.009) and bare sediment (t = 3.598, p < 0.001), and
SOD at restored reef was greater than bare sediment (t = 3.008, p
= 0.025). In the fall, SOD rates were only greater at aquaculture
than bare sediment (t = 3.141, p = 0.016), all other comparisons
were not significantly different from one another.
Overall, SOD rates in the summer [28197.2 (±4724.9) µmol
O2 m
−2 h−1] were greater than those in the spring [9553.3
(±2835.5) µmol O2m
−2 h−1] or fall [9724.4 (±2221.8) µmol
O2m
−2 h−1]. Aquaculture SOD rates were greatest [26880.8
(±5845.8)µmol O2 m
−2 h−1], followed by restored reef [22143.6
FIGURE 4 | Mean (±SE) fluxes of denitrification and sediment oxygen
demand.
(±3193.2) µmol O2 m
−2 h−1], cultch [9581.8 (± 3271.6) µmol
O2m
−2 h−1], and bare sediment [2959.4 (±528.3) µmol O2m
−2
h−1; Figure 4].
We found a strong linear relationship between denitrification
and SOD with a slope of 0.019 (R2 = 0.93, p < 0.001; Figure 5).
These data are pooled and presented seasonally, with each point
representing a treatment× season mean and standard error.
DISCUSSION
In this study, we developed an in situ technique to measure
denitrification and SOD. An advantage of this methodology
is that we are able to closely mimic the study environment
and to return to the same site repeatedly thereby minimizing
spatial heterogeneity (Groffman and Hanson, 1997; Smyth et al.,
2015). This method, however, has some constraints that may
limit its applicability. The current design has strict water level
requirements (>10 cm above chamber lid and <1.2m above the
electronic stirrer). If water levels are too shallow, the mid-section
of the incubation chamber cannot be attached to the base without
introducing air bubbles, which significantly and selectively affect
gas concentrations in water (Reeburgh, 1969). If the water level
fluctuates significantly, perhaps from wave energy, there can
be difficulties in maintaining a bubble-free environment during
set up. Water clarity is also a requirement as you must be
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FIGURE 5 | Relationship between sediment oxygen demand and
denitrification for the duration of the experiment. Data are mean values
for each treatment by season combination.
able to inspect the chamber for correct o-ring placement and
bubbles. Therefore, turbid waters (e.g., Gulf of Mexico) may
not be a good location for this method. It is essential to begin
these incubations early in the morning when dissolved oxygen
concentrations are well-below saturation. Finally, we tried to
also include light incubations in the first year but found that
during the course of the incubation, water temperature inside
the chamber rose and we were uncomfortable using the N2 data
as equilibrium changes were likely driving the observed fluxes.
Where environmental conditions are similar to those in our
experiment, this new methodology may be a way to better mimic
the natural environment and reduce variability resulting from
spatial heterogeneity.
We measured denitrification and SOD rates for oyster
cultch, aquaculture, and reef restoration in a system that is
representative of many New England coastal areas. We found
that compared to bare sediment alone, oyster reef restoration
and aquaculture enhanced sediment denitrification rates by 557.5
(±154.1) and 321.7 (±158.5) µmol N2–N m
−2 h−1, respectively.
An ecologically important but lower sediment denitrification
rate [36.4 (± 34.2) µmol N2–N m
−2 h−1] was observed with
oyster cultch. Our sediment denitrification rates exceeded the
range reported for other natural and restored oyster reef sites
in North Carolina (Piehler and Smyth, 2011; Smyth et al., 2013;
22 and 26.1µm N-N2 m
−2 h−1, respectively), but similar to
those reported by Kellogg et al. (2013) from the Virginia coast
(300–1600µmN-N2 m
−2 h−1).
The magnitude of the increase in denitrification by treatment
was dependent on season with the greatest denitrification rates
observed in fall. This is different from some other studies
looking at the impact of oysters on denitrification but similar
to others looking at denitrification in bare sediments. Piehler
and Smyth (2011) found denitrification rates near oyster reefs
to be lowest during the fall. Importantly, Piehler and Smyth
(2011) did not include live oysters—but instead sampled the bare
sediment adjacent to the oyster habitat. The lower rates they
report are likely a function of not including the biologically active
oysters (Piehler and Smyth, 2011). The lack of correlation with
temperature in our study is consistent with other observations
from colder, deeper subtidal marine sediments (e.g., Laursen
and Seitzinger, 2002; Heiss et al., 2012). Additionally, intertidal
sediment denitrification rates were highest in winter and early
spring with lowest rates in summer in theWadden Sea (Kieskamp
et al., 1991). And, in Chesapeake Bay denitrification rates were
minimal in summer and higher in spring and fall (Kemp et al.,
1990). In many estuaries, summer denitrification is driven by
coupled nitrification–denitrification (Jenkins and Kemp, 1984;
Horrigan and Capone, 1985; Rysgaard et al., 1996). Thus,
anything that lowers nitrification (e.g., low oxygen conditions)
will limit nitrate availability and thus denitrification rates are
often lowest in summer.
SOD can be positively correlated to sediment denitrification
rates in a wide variety of sediment types, especially where
low oxygen conditions limit denitrification rates (Eyre et al.,
2013). We found a strong correlation (R2 = 0.93, p < 0.001)
between SOD and denitrification, but the slope (0.019) was lower
than those from other studies in both terrestrial and aquatic
environments (see Eyre et al., 2013). For instance, Fennel et al.
(2009) compiled 657 denitrification and SOD measurements
from aquatic sediments and found a slope of 0.089, whereas
Piehler and Smyth (2011) found an average slope of 0.063 across
multiple sites and seasons. Measuring SOD is a much cheaper
and easier alternative to denitrification, and our results suggest
this relationship has the potential to be used as a predictive tool
for determining N-reduction from subtidal oyster restoration or
aquaculture temperate systems.
Effects of oyster aquaculture on nutrient bioextraction
likely depend heavily on aquaculture practices. For instance,
forms of aquaculture that use cultch on the substratum (e.g.,
Louisiana) could be expected to resemble denitrification rates
more similar to natural or restored oyster reefs (Sisson et al.,
2011). Although, the aquaculture site we used for this study
used off-bottom cages that may not be similar in structure to
natural or restored oyster reefs, we still found denitrification
rates to be comparable to restored reefs. This suggests that
oyster aquaculture may be functionally similar to restored
oyster reefs where environmental conditions are comparable,
regardless of aquaculture technique/gear. Other studies suggest
rates of denitrification are rarely enhanced in sediments below
aquaculture operations (Holyoke, 2008; Higgins et al., 2011,
2013). These studies, however, have lacked seasonal data, which
as shown in our study and others (e.g., Kellogg et al., 2013;
Smyth et al., 2013), can significantly influence denitrification
rates. Future studies examining N2 gas fluxes at oyster and other
shellfish aquaculture sites should consider seasonal differences
throughout the year as well as the type of gear used and harvest
practices. Determining how these factors interact to influence
impacts of the industry on the environment will be critical
for establishing best management practices. Rose et al. (2015)
suggests N removal from aquaculture farms compares similarly
(per-acre basis) to other best management approaches for non-
point source nitrogen mitigation.
Ninigret Pond, where we conducted this study, is receiving
∼1.85×109 mmol y−1 of inorganic N (Moran et al., 2014).
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Currently, oyster aquaculture covers 1.4% of the surface area
of Ninigret Pond (Dave Beautel, Aquaculture and Fisheries
Coordinator at RI Coastal Resources Management Council,
personal communication). If we scale the observed mean
aquaculture denitrification rate (346µmol N2–N m
−2 h−1) to
the current area under aquaculture (90,300m2) then we predict
that ∼134×103 moles per year, or roughly 7% of the total N
inputs into Ninigret Pond, are currently being removed. The
Coastal ResourceManagement Council (CRMC) of Rhode Island
currently caps oyster aquaculture at 5% of the total surface
area of any coastal pond (http://www.crmc.ri.gov/aquaculture/
aquaculturefaq.html). Thus, if in the future 5% of this estuary
is used for oyster aquaculture, we predict that this activity has
the potential to remove 26% of the total N inputs. However,
we measured the highest denitrification rates at the restored
oyster reef sites. In turn if oyster reefs were restored in just 5%
of the pond area then >40% of the total N inputs could be
removed. Of course, these values should be taken with caution
for a variety of reasons. First, we observed large variation in
the denitrification rates, including some N-fixation, and thus
understanding the cause of these variations is a key step to
better constraining N removal rates. Second, here we report
only net N2 fluxes and not have taken into account fluxes of
other nitrogen species. For example, if the flux of ammonium
out of the sediments outpaces denitrification then these oyster
habitats could be increasing water column primary production,
enhancing sediment organic matter loading, increasing SOD
and, in time, ultimately decreasing N removal. Additionally,
in these calculations we assume that denitrification rates do
not change even as oyster density increases, nor do the rates
reported here capture a multi-year variability, or the impact of
macroalgae. Thus, denitrification must be considered within a
matrix of factors that can potentially influence denitrification
rates to more accurately determine the potential of different
oyster management strategies to remove N.
The growing impact of humans on ecosystems demands
science find feasible solutions to current and future problems
including nutrient enrichment. Eutrophication is increasing
worldwide and finding ways to balance inputs and outputs will
be critical as future stressors interact in surprising ways. Rising
appreciation for the ecosystem services oysters provide has led
to increased efforts to restore or enhance habitat, even initiating
oyster aquaculture within a broader management portfolio. One
service oysters have been shown to provide is improved water
quality through the conversion of fixed N to N2 gas, but the rate
of denitrification has been highly variable. This study is the first
to conduct in situ measurements of gas fluxes during multiple
seasons and years at both oyster reef restoration and oyster
aquaculture sites (within the same system). Overall, these data
suggest that the biological properties of oysters (e.g., filtration,
biodeposition) are important factors in priming sediments for
denitrification and SOD, but that the introduction of three-
dimensional habitat structure via oyster shell may also increase
sediment metabolism. This benthic-pelagic coupling may be a
result of increases in associated bioturbating organisms when
structure (e.g., cultch) is added to an otherwise homogeneous
benthic environment (Rysgaard et al., 1995; Humphries et al.,
2011). The strong linear relationship between denitrification and
SOD suggests that managers may measure SOD as a proxy for
denitrification, which may provide a cheaper and more easily
employed method for estimating N removal via denitrification. A
better understanding of the processes influencing denitrification
should improve our ability to describe restoration goals for
oysters and assist in achieving maximum water quality benefits
from aquaculture.
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